A study of hybrid carbon nanotubes - polymers microstructures by SIM MONG CHEA
  
 







SIM MONG CHEA 
BSc (Hons), NUS 
 
A THESIS SUBMITTED 
 
FOR THE DEGREE OF MASTER OF  
SCIENCE 
 
DEPARTMENT OF PHYSICS 
 







I am grateful to the following people for the successful completion of this thesis. 
First and foremost, I would like to thank A/P Sow Chorng Haur for his tutelage throughout 
my studies as a patient mentor. He has taught me many skills, in science and in life. For this, 
I am indebted to him.  
I thank my co-supervisor, Dr Gaurav Sharma, who hailed from the Institute of 
Microelectronics. He has taught me many new skills in nanotechnology and in particular, 
methods of growing nanowires. I have a wonderful time working with him. 
I also wanted to thank the following people for their support in this research project: Lim 
Kim Yong for teaching me how to grow carbon nanotubes and using the laser pruning system; 
Chin Kok Chung for helping me in investigating various conditions of nanotube growth; Dr 
Zhu Yanwu for his numerous advices in our discussions; Li Pinghui for asking a lot of 
„probing‟ questions that spur me to the labs to try out new ideas; Siu Zhuobin; for his 
incredible skill in computer programming; Mr Chen Gin Seng of the Applied Physics Lab for 
his help; Lee Wei Keong and Binni for their help in several experiments. 
In addition, I would like to thank my friends both in the Colloid Lab and graduate programme 
for their constant exchange of ideas and jokes. They are (in random order): Teo Choon 
Hoong, Poh Hou Shun, Leek Meng Lee, Hoi Siew Kit, Quek Wee Tong, Min Rui, Lim 
Xiaodai Sharon, Chang Sheh Lit, Yu Ting, Lim Siew Leng, Ng Wei Khim, Zhuang Cheng 
Hao, Zhuo Linlin, Shu Hua and Bryan. 
 ii 
 
Finally, I would like to give thanks to my family for their constant care and encouragement, 
especially to my parents who have given me a good education and to my dear brother who 




ACKNOWLEDGEMENTS ................................................................................................................................. I 
ABSTRACT ......................................................................................................................................................... V 
CHAPTER 1:   INTRODUCTION TO CARBON NANOTUBES .............................................................. 1 
1.1 The story of carbon and its nanotubes ................................................................................................ 1 
1.2 Properties of Carbon Nanotubes ......................................................................................................... 3 
1.3 Research objectives and Scope of thesis .............................................................................................. 6 
CHAPTER 2:  SYNTHESIS OF CARBON NANOTUBES AND AN INTRODUCTION TO LASER PRUNING 
OF CARBON NANOTUBES ................................................................................................................................... 8 
2.1 Methods of Carbon Nanotubes synthesis and the possible growth mechanism .................................. 8 
2.1.1 Chemical vapour deposition ................................................................................................................ 8 
2.1.2 Plasma Enhanced Chemical Vapour Deposition ................................................................................. 9 
2.1.3 PECVD CNTs growth mechanisms ................................................................................................... 15 
2.2 Introduction to Laser Pruning Technique ........................................................................................ 16 
2.3 Experimental setup of the Focused Laser Beam ............................................................................... 17 
2.4 2D and 3D Structures made by Laser Pruning ................................................................................. 23 
2.5 Other experimental techniques ......................................................................................................... 26 
CHAPTER 3:  POST-GROWTH LITHOGRAPHY – SCANNING LOCALIZED ARC     
DISCHARGE LITHOGRAPHY (SLADL) ...................................................................................................... 28 
3.1 Introduction to the SLADL Technique ............................................................................................. 28 
3.2  Experimental setup of SLADL ......................................................................................................... 30 
3.3 Results and Discussion ....................................................................................................................... 33 
CHAPTER 4: VERSATILE TRANSFER OF CARBON NANOTUBES ONTO VARIOUS 
SUBSTRATES BY PDMS ................................................................................................................................. 52 
4.1 Introduction to CNT transfer ............................................................................................................ 52 
4.2  Early work using Ag paste as an adhesive ........................................................................................ 53 
 iv 
 
4.3  PDMS as an adhesive ......................................................................................................................... 54 
CHAPTER 5: ELECTRICAL AND MECHANICAL PROPERTIES OF CARBON NANOTUBES 
STRUCTURES AND ITS POLYMER HYBRID STRUCTURES ................................................................ 61 
5.1 Introduction to the problem of miniaturization of interconnects ..................................................... 61 
5.2  Experimental Details on the Fabrication of CNT-PDMS Hybrid Material ...................................... 63 
5.3 SEM Characterization of the CNT-PDMS Microstructures............................................................. 69 
5.4 Transfer of CNT pillars to Cu Substrate and its Electrical Characterization .................................. 70 
5.5 Mechanical Characterization using Sensitive AFM cantilevers ....................................................... 74 
CHAPTER 6:   CONCLUSION AND FUTURE WORKS ........................................................................ 82 
6.1 Review of findings .............................................................................................................................. 82 
6.2  Future Works.................................................................................................................................... 83 






Three-dimensional carbon nanotubes microstructures (CNTs) can be fabricated in many ways. 
In this work, we examined two ways of creating 3-D microstructures and then proceed to 
modify and characterize some of their properties.   
The first method of creating large scale array of CNT microstructures is to use the laser 
pruning technique. A focused laser beam is impinged directly onto a CNT sample which is 
then patterned as it moves according to a computer programme. 
The second method is a novel direct writing technique called the Scanning Localized Arc 
Discharge Lithography (SLADL). A sharp tungsten tip with a bias voltage is used to cut 
patterns on a CNTs sample. The CNTs after the current cut is subjected to examination via 
several characterization methods. 
A way of transferring microstructures is also discussed. Patterned CNTs microstructures can 
be transferred from the Si substrate to various substrates such as glass and plastic coated with 
a metallic nanolayer. 
We also study a way of reinforcing the CNTs microstructures by imbibing the structures in 
Polydimethylsiloxane (PDMS). The resulting CNTs-polymer hybrid system is systematically 
studied using several characterizing techniques. The resulting hybrid microstructures showed 
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Chapter 1:   Introduction to carbon nanotubes 
 
1.1 The story of carbon and its nanotubes 
 
Carbon, the sixth element in the periodic table and sits at the top of Group IV, is perhaps the 
most extensively studied of all the elements. Manufactured eons ago by nuclear synthesis in 
the cores of first generation stars and scattered into the interstellar space when the stars died. 
Eventually, some carbon made its way into the solar system and formed part of Earth during 
the period of planetary formation. Carbon is the central element in organic chemistry and all 
life on Earth is based on carbon. It is also one of the few elements known to man since the 
dawn of civilization. 
 
Carbon materials are unique in many ways and one of the ways is that there are many 
possible electronic configurations available for the state of the carbon atom, better known as 
the hybridization
1




 hybridizations; in 
contrast, other Group IV elements such as Ge and Si mainly form sp
3
 hybridization and has 
led some scientists to speculate that this could be the reason why there are no organic matter 
made of Si or Ge.  
 
The role of this sp
n
 hybridization is crucial in determining the dimensionality of carbon based 
solids. Carbon is the only element in the periodic table that has isomers of 0 – to 3 – 
dimensions (0D to 3D). Some of these isomers are C60 fullerene (0D), carbon nanotubes (1D), 
                                                          
1
 The mixing of 2s and 2p atomic orbitals is called hybridization while the mixing of a single 2s electrons with n 
= 1, 2, 3 2p electrons is called sp
n
 hybridization (M. ,. Dresselhaus 1988).   
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graphite sheet (2D) and diamond (3D). Of these isomers, the 1D isomer of carbon nanotubes 
has created widespread interest in research due to its many fascinating properties.  
 
History leading to the discovery of the carbon nanotubes. 
 
Before we proceed to discuss the properties of carbon nanotubes, it would be interesting to 
learn the history that leads to the discovery of carbon nanotubes. The initial scientific 
investigation into small tubular carbon solid is the carbon fibre, first prepared by Thomas A. 
Edison to act as a filament for the early form of light bulb (Edison 1892). A carbon fibre can 
have a wide range of diameters (from 100 nm to 100 m) and possess hollow cores (M. ,. 
Dresselhaus 1988). A carbon fibre consists of many graphite planes and exhibits electronic 
properties that are two-dimensional in nature. Research in carbon fibre reach a new climax in 
the 1950s, driven predominantly by the needs of the space and aircraft industry, to find light-
weight composite materials with superior mechanical properties. By the 1970s, well-
controlled synthesis of carbon fibber via chemical vapour deposition (CVD) was established 
and this in turn led to further research aimed at making fibres of increasing bulk modulus and 
strength, enhanced with special characteristics and at the same time, decreasing the cost of 
commercial production.  
 
An interesting fact to note is the there are occasions when extremely small fibres are detected 
under the TEM while studying the carbon fibers. These are really carbon nanotubes but no 




The next significant milestone came in 1985 when Smalley and his co-workers discovered 
the C60 fullerene (Kroto 1985). The C60 fullerene is a stable configuration of carbon atoms 
fixed in pentagonal and hexagonal bonds. The discovery of the C60 led to some scientists to 
speculate the existence of a 1D carbon solid with a half-fullerene as the end-caps. Indeed, 
such a nanostructure is discovered in 1991 by Iijima (Iijima 1991), now known as carbon 
nanotubes (CNTs) and research into this material has progressed rapidly ever since. 
  
1.2 Properties of Carbon Nanotubes 
  
Carbon nanotubes with their remarkable electronic and mechanical properties have been 
synthesized by many different procedures. Initial interest among researchers focuses mainly 
on the unique electronic properties of carbon nanotubes as they offer a possible route to a 
one-dimensional quantum wire. Over the years, other practical properties are discovered, 
particularly their mechanical strength, which opened up new possibilities in areas of polymer 
strengthening materials for electronics, in diagnostics and in medicine. 
 
A detailed discussion on the structure of a carbon nanotube is too long to be described in this 
chapter. Suffice to say that the nanotube looks like a roll-up honeycomb graphene layer 
capped at each end by a half-fullerene. If the nanotube consists of one single cylindrical layer 
of graphene sheet, then it is called a single-walled nanotube (SWNT). If it consists of two 
concentric cylinders of graphene sheets, then it would be double-walled nanotube (DWNT). 
Any nanotube that has three or more walls is known as multi-walled nanotube (MWNT). The 
structure of a CNT is defined by its unit cell. Mathematically, it is defined by a vector Ch, 
also called chirality or chiral vector, and is expressed as:  
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where a1 and a2 are the unit cell vector of the graphite sheet that rolls up to form the nanotube 
and m, n are integers. For all the nanotubes that have n = 0, they are called zigzag tubes, if m 
= n, then the tubes are called armchair tubes, all other combinations of m and n are called 
chiral types. The chirality and subsequently three types of possible structures governed the 
various physical properties of the CNTs. It is important to note that while the chirality is very 
useful in theoretical analysis to predict the physical and chemical properties of CNTs, it is 
very difficult to see which forms of CNTs are produced. To confirm the type of CNT, one 
would require the facilities of a high resolution transmission electron microscope (HRTEM) 
which is not available in every lab. 
 
CNTs have exceptional material properties, such as very high electrical and thermal 
conductivity, strength, stiffness and toughness. No other element in the periodic table bonds 
to itself in such an extended network with the strength of the C-C bond. Furthermore, the 
delocalized  -electron donated by each atom is free to move about the entire structure and 
thereby giving rise to the first known molecule with metallic-type conductivity. Some of the 
properties of CNTs are listed below: 
1. Very high tensile strength 
2. Good electrical conductivity 
3. High flexibility  
4. High elasticity  
5. High thermal conductivity 
6. Good field emission of electrons 
7. High aspect ratio (length ~ 1000 times the diameter) 
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In our studies, we shall focus on some of these properties namely; high tensile strength, good 
electrical conductivity, high elasticity and high aspect ratio. 
High tensile strength arises because each carbon atom in the honeycomb lattice is connected 
to three neighbouring atoms via strong chemical bonds. Indeed, the elastic modulus of 
graphite is one of the largest of any known material and as such CNTs could be the ultimate 
high-strength fibre. SWNTs are stiffer than steel of the same dimension and are very resistant 
to damage from physical forces. However, quantifying these properties is rather difficult and 
an exact numerical value has yet to be agreed upon. One standard measuring technique is to 
use the atomic force microscope (AFM) to measure the force required to push the unanchored 
ends of a free-standing CNT out of its equilibrium position. For SWNT, the Young‟s 
modulus value is about 1 TPa but this value is disputed and a value as high as 1.8 TPa has 
been reported (Wong 1997). These differences in value probably arise because of different 
experimental technique used. For MWNT, it has been noted that the modulus of MWNT 
using the AFM technique do not strongly depend on the diameter (Javey 2004). Javey et al 
argued that the modulus of the MWNT correlates to the amount of disorder in the CNT walls. 
When MWNT breaks, the outer walls break first. One related point of CNTs strength to its 
electrical conductivity is that CNTs fails only close to their theoretical limits, unlike steel 
which fails at about 1% of its theoretical strength. 
Electrical conductivity for SWNT can be determined from its chirality as well as its diameter. 
In MWNT, it is agreed that these tubes are metallic in nature and they mainly conduct on the 
outermost cylindrical shell. However, conductivity in MWNT can be quite complex. For 
example, it is noted that some types of armchair-type of CNTs appear to conduct better than 
others (Sharon 2010). Furthermore, MWNT have been discovered to redistribute the current 




1.3 Research objectives and Scope of thesis 
 
The main motivations of this project are: 
1. To learn more about the properties of MWNTs not as individual strains of NTs but as 
a bundle or pillars. Properties that I intend to study would be mainly the tensile 
strength and the electrical conductivity. 
2. Find possible ways to create large arrays of CNTs structure by novel post-growth 
patterning techniques. 
 
The main objectives of this project are to: 
1. To fabricate large scale period array via post-growth lithographic techniques. 
2. Enhance the bundled CNTs by means of a polymer. 
3. Characterize the properties of bundled MWNTs and its polymer hybrids. 
 
The scope of this project includes, to: 
Chapter 2 provides the discussion of the various experimental technique and approaches 
adopted in this work.  
Chapter 3 discuss a new technique of creating patterned microstructures on a carpet of CNTs. 
This technique is called Scanning Localized Arc Discharge Lithography.  
Chapter 4 details the method of transferring CNT and CNT microstructures onto other 
substrates to be used for electrical characterizations.  
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Chapter 5 describes the creation of CNT-PDMS (Polydimethylsiloxane) hybrid 
microstructures. Characterizations of electrical and mechanical properties are also discussed.  




















Chapter 2:  Synthesis of Carbon Nanotubes and an Introduction to 
Laser Pruning of Carbon Nanotubes 
 
2.1 Methods of Carbon Nanotubes synthesis and the possible growth mechanism 
 
Carbon nanotubes are generally produced by three main techniques namely: arc discharge, 
laser ablation and chemical vapour deposition (Z. ,. Ren 1999). In arc discharge, a vapour is 
created by an arc discharge between two carbon electrodes with or without catalyst. CNTs 
then self-assemble from the resulting carbon vapour. In the laser ablation method, a high-
power laser beam impinges on a volume of carbon-containing gas such as methane. At the 
moment, laser ablation produces a small amount of high purity CNTs, whereas arc discharge 
methods generally produce large quantities of impure material. In general, chemical vapour 
deposition (CVD) results in singled-walled nanotubes (SWNTs) or multi-walled nanotubes 
(MWNTs). This method is much easier to scale up and hence favours commercial production. 
2.1.1 Chemical vapour deposition  
Chemical vapour deposition (CVD) is a commonly employed technique in the growth 
of carbon nanotubes. The synthesis is carried out by applying an energy source, such as 
plasma or a resistively heated coil, to a carbon source in the gas phase, which then transfer 
energy to the gaseous carbon molecules. The energy source is then used to dissociate the 
molecules into reactive carbon ions. The carbon diffuses towards the substrate, which is 
heated and coated with a catalyst (usually a first row transition metal such as Ni, Fe or Co) 
where it will bind. Carbon nanotubes will be formed if the proper parameters are maintained. 
(Z. ,. Ren 1999) Control over the diameter, as well as the growth rate can be maintained. The 
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appropriate metal catalyst can determine the growth of single or multi-walled nanotubes 
(Sinnot 1999).  
CVD carbon nanotubes synthesis is essentially a two-step process consisting of a 
catalyst preparation step followed by the actual growth process. The catalyst is generally 
prepared by sputtering a transition metal, mainly iron or cobalt, onto a substrate and then 
using either chemical etching or thermal annealing to induce catalyst particle nucleation. 
Thermal annealing results in cluster formation on the substrate from which the nanotubes will 
grow. Hydrogen or ammonia can be used as the etchant. The temperature for the synthesis is 
usually within 650-900
o
C (Z. ,. Ren 1998). Typical yields for the CVD process are 
approximately 30%. 
These are the principles of the CVD process. In the last decade, different techniques 
for the carbon nanotubes synthesis with CVD have been developed, such as plasma enhanced 
CVD (PECVD), thermal chemical CVD, alcoholic catalyst CVD, vapour phase growth, 
aerogel-supported CVD and laser assisted CVD.  In the course of this project, the carbon 
nanotubes used are manufactured by the plasma enhanced chemical vapour deposition 
technique (PECVD) which is available in our laboratory. 
 
2.1.2 Plasma Enhanced Chemical Vapour Deposition 
The plasma enhanced chemical deposition technique generates a glow discharge in a 
vacuum chamber or a reaction furnace by means of a high frequency voltage applied to both 





Figure 1: Schematic of the PECVD chamber  
  
Preparation of sample 
Initially, iron (Fe) nano-particles are first deposited on a silicon or quartz substrate by radio 
frequency (RF) magnetron sputtering (Denton Vacuum, Discovery 18) to form a thin film. 
The thickness of this film is approximately 50 nm. The Si substrate with the thin Fe film is 
transferred into a “CNT-growing” chamber shown in Figure 1. This chamber features a hot 
plate that can be heated up to a temperature of 450
o
C, a heating element on which the sample 
CNT are grown and several valves of various gas flows, which are controlled by a computer 
programme. Initially, the chamber must be evacuated with the help of a Turbo pump to a 
pressure of approximately 10
-6
 Torr. This is done to remove any contamination that can 
possibly affect the growth of CNTs. Then, the heating filament which the sample is placed 

















 Torr. At this temperature, the Fe thin film would melt even though the bulk 
melting point of iron is about 1500
oC. The melted Fe nucleated and form “balls” of liquid 
iron as shown in the SEM image below (Figure 2). These balls of nucleated iron are the 
catalytic foundations from which the multi-walled carbon nanotubes (MWNTs) will be 
grown. 
 
Figure 2: SEM image of a sample of Fe thin film after thermal treatment. We can see that the 
Fe particles have nucleated into pear shaped structures which provide the sites for CNTs 
growth. 
 
When the chamber has reached thermal equilibrium, hydrogen of flow rate 30 sccm 
(standard cubic centimetres per minute) is introduced to the chamber together with a RF 
power of 80W applied between the two electrodes as shown in Figure 1. This applied electric 
field causes the hydrogen gas to be ionized and form a cloud of glowing hydrogen plasma in 
the region above the sample. There are two purposes to the hydrogen plasma step. The first 
reason is to flush out the undesirable components of ambient atmosphere that still exist in the 
chamber. Presence of oxygen and some other elements can cause defects in the structure of 
the CNTs during the PECVD. The more important reason is to chemically reduce the iron 
“balls” to metallic iron. This reduction step is necessary because right after the sputtering 
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process, the iron thin film would be oxidized by atmospheric oxygen and that thin film cannot 
be used as catalysis for the nanotube growth. The reduction process lasts approximately 10 
minutes.  
Following the reduction process, the main growth process can begin. A mixture of 
C2H2 and H2 gases, with flow rates of 15 sccm and 60 sccm respectively is introduced into 
the plasma chamber (Lim 2003). Alternatively, a mixture of NH3 and C2H2 with flow rate of 
30 sccm and 15 sccm may be used. The gases flow process is controlled by a computer which 
directed the flow rates of input gases by means computer controlled flow meter. The surface 
temperature of the substrate is maintained at 700
o
C. The chamber pressure for the process is 
1.2 mmHg.  
As the process continues, carbon atoms are deposited on the iron particles and begin to form 
into a forest of CNTs arrays. Figure 3 shows an SEM picture of a sample of CNTs arrays. 
 
Figure 3:  SEM image of an array of well-aligned CNTs grown by 60-min PECVD. 
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The duration of growth is the main factor determining the length of the grown CNTs 
provided all other variables, such as the temperature, and gas flows are kept constant during 
the growth process. CNTs samples of approximately 60 m in height are synthesized after 1 
hour of growth. However, the growth rate of the CNTs is non-linear and attenuated sharply 
after an hour of PECVD growth. If longer CNTs samples are required, then a double growth 
method may be used. To make a double growth CNTs layer, the initial grown sample is 
replaced into the vacuum chamber for a second run of PECVD process. Careful timing of the 
second growth can control the overall length of the CNTs. Figure 4(a) and (b) show two SEM 
images of an example of a double-layer CNTs grown via the PECVD process. From the two 
images, the CNTs of the two layers are distinctly different tubes and that one layer is merely 
resting on the other. In other words, the second growth does not continue to grow the tubes of 
the first growth process. This is confirmed by a simple brush of the sample and the top layer 
can be easily peel off as shown in Figure 4(b). Details of the CNT growing process are 
summarised in Table 1. 
 
Figure 4: (a) An SEM image of a double-growth layer of CNT. (b) The CNTs in the two layers 






Table 1: The step by step description of the PECVD Process 
Step by step breakdown of the PECVD Process  
Name of Step 
Time 
Required Remarks 
RF Sputtering of Fe 
Catalyst 6 hours 
Including the time needed to evacuate the chamber, 
actual sputtering time is 3 min 
Evacuating the 
PECVD chamber 30 min 
 This step is to remove the unwanted particles that can 




The sample is heated to about 700oC. At this 
temperature, the iron nano-layer melts and breaks up 
into iron nano-spheres. These spheres acts as the 
catalyst sites for the formation of CNTs. 
Hydrogen filled 
atmosphere in 
PECVD chamber 3 min 
 The influx of hydrogen gas further flushes out 
unwanted atmospheric particles and sets up the proper 
atmosphere for the PECVD growth process. 
Hydrogen plasma 
80W RF process 
10 min 
 During the transfer of the sample from the sputtering 
chamber to the PECVD chamber, the iron nano-layer is 
in contact with the atmospheric oxygen. Do note that 
there is a time lag as the usage of PECVD is regulated. 
Main CNT growth 
process 
1 hour 
 The infusion of C2H2 as the main ingredient for the 
carbon nanotubes. Under the RF, C2H2 breaks up into 
the constituents, C and H2. The carbon atoms 
precipitates out along the gradient of the iron sphere 
catalysts and form the nanotubes.  
Chamber Cooling 
Period  6 hours 
Due to the fact that it is vacuum inside. Heat loss via 
radiation is a slow process. 
Total time taken  ~15 
hours 
This is the minimum time needed though often the 





2.1.3 PECVD CNTs growth mechanisms 
The way in which CNTs are formed is not exactly known. The growth mechanism is 
still a subject of controversy and more than one mechanism might be operative during the 
formation of the CNTs. The exact atmospheric conditions for the growth depend on the 
technique used. The actual growth of the CNTs seems to be the same for all techniques 
mentioned. Two possible growth mechanisms are depicted in Figure 5. 
 
Figure 5: Visualization of two possible CNTs growth mechanism   
 
There are several hypotheses on the exact growth mechanism for the nanotubes. One 
hypothesis (Sinnot 1999) suggests that metal catalyst particles are floating or are supported 
on graphite or other substrate. It presumes that the catalyst particles are spherical or pear-
shaped, in which case the deposition will take place on only one half of the surface (this is the 
lower curvature of the pear shaped particles). The carbon diffuses along the concentration 









CnHm C + H2
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However, it does not precipitate from the apex of the hemisphere, which accounts for the 
hollow core that is characteristic of these filaments. For support metals, filaments can form 
either by „extrusion‟ (also known as base growth) in which the nanotube grows upwards from 
the metal particles that remain attached to the substrate, otherwise the particle detached and 
move at the head of the growing nanotube, known as „tip growth‟. Depending on the size of 
the catalyst particles, single-walled or multi-walled nanotubes are grown. For the purpose of 
this work, the „base growth‟ mechanism is observed. The evidence is presented in the next 
section. 
 
2.2 Introduction to Laser Pruning Technique 
 
Before CNTs may be made into useful devices, it is necessary to pattern the CNT 
forest into microstructures, very much analogous to the patterning of circuit boards. Patterned 
arrays of CNTs have been used in microelectronics (Martel 1998), field emission studies (de 
Heer 1995) and scanning probe applications (Dai 1996). Common methods in patterning 
involved the use of lithographic techniques that create a patterned catalyst layer on which the 
CNTs would grow. There are several ways in which patterning of catalyst may be achieved. 
One way is to cover the surface of a planar substrate with a pre-patterned lithographic mask 
(Chen 2001) and then deposit with nano-particles of the metallic catalyst. Other techniques 
utilize electron beam lithography to define the patterns of catalytic particles on the substrate 
(Teo 2001). Recent developments make use of substrate etching mechanisms to define CNTs 
arrays directional growth (Tu 2002). Another group makes use of self assembled polystyrene 
spheres to act as a mask during the deposition of the catalytic layer (Z. C. Huang 2003). 
 However, such techniques often involve multiple step pre-treatment of the substrate 
before successful growth arrays can be implemented. Furthermore, these techniques are only 
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useful in making 2D patterns. To implement 3D pattern microstructures devices, patterning 
in the third dimension (height) is necessary. Yet, in the simple case of controlling varying 
height of CNTs patches on the same piece of substrate proved to be exceedingly difficult 
using conventional lithography techniques and in-situ growth techniques. Recent advances in 
this area makes use of self-directed growth of the CNTs between nanoscale silicon pillars 
resulting in a 3D CNT network has been achieved (Vajtai 2001). However, due to the lack of 
control in the growth of CNTs (for example, the height of individual components in the 
patterned substrate cannot be controlled to a high precision), these structures fabricated by 
these methods do not always create the desired length, direction and lacked pattern control 
over the CNTs arrays. 
 
To address this problem, a laser pruning system is employed to cut out the desired 
structures on the CNTs “forest” on the substrate (Lim 2003). This technique is analogous to a 
lawn mower cutting through a field of tall grass. A focused laser beam (FLB) is aimed at the 
CNTs surface and the absorbed laser beam resulted in thermal energy is strong enough to 
cause local disintegration of the CNTs. By moving the sample with respect to the FLB, 
patterns of the desired design can be cut on the CNT-covered surface. At the time of this 
writing, several interesting miniature shapes and architectures, such as the Merlion, the 
Stonehenge and the Great Wall of China, has been created by this method. 
  
 
2.3 Experimental setup of the Focused Laser Beam 
 
The basic setup of the Focused Laser Beam (FLB) pruning system involves re-directing a 
laser beam through various mirrors and lenses to focus onto a desired spot. Care should be 
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taken in designing the pathway of laser as the laser intensity decreases as it undergoes 
reflection at mirrors or transmission through microscope lenses. The lower the laser intensity, 
the weaker is the effect of the pruning. When the laser power at the focused site is less than 
10 mW, then no appreciable cutting of CNTs is observed. Figure 6 shows a schematic 
diagram of the experimental setup for laser pruning of CNT. 
 
Figure 6: Setup of the laser cutting system. On the left hand side of the diagram, we showed that 
through suitable adjustments to either mirror 1 or 2 such that the incident laser arrives at an 
angle to the objective lens, it is possible to create patterns that have a slant cut. 
 
Figure 7 shows how we can use the FLB to determine whether the PECVD exhibits a root-
growth or a tip-growth model.  First, an as-grown CNT sample is first cut with some 
structures (see Figure 7(a)). Then this sample is subjected to a second growth of CNT by 
PECVD. As we can see from Figure 7(b), the new-grown CNT appears below the original 
layer of CNT marked with laser-cut structures. This experiment proves that the PECVD 















Figure 7: (a) Using FLB to cut the CNTs array before implementing a second run. (b) The old 
layers with markings appeared on top of the new layer. This test conclusively demonstrates that 
our PECVD creates CNTs via the “root” growth method. 
 
The above setup utilizes a focused laser beam to create patterns on a CNT array. The 
laser in use is a 35 mW He-Ne laser of wavelength of 632.8nm. It appears that laser cutting of 
CNTs would depend somewhat on the wavelength of laser used. We have noted that red laser 
cuts the CNTs better than a green solid state pump laser of the same intensity. Using a 
polarizer to adjust the intensity of the red and green laser light so that they are of the same 
intensity, it was observed that red laser can burn a more distinct hole in the CNTs film than a 
green laser could. Thus a red laser was employed in the cutting of the CNTs structures for the 
project. 
 
This laser beam was first directed into a microscope, by the use of mirrors 1 and 2, which was 
then focused by the microscope lens into an intense circular spot of about 5m in diameter. 
The objective lens used here is a Nikon CFI60 Infinity-Corrected Brightfield Objectives 50X, 
with a numerical aperture of 0.55 and a working distance of 7.8mm. After passing through all 
the optical mirrors and lens, the FLB suffered a power loss of about 40% such that the 




about 5.8 ± 0.4 m in diameter and that would give an effective intensity of 3800 ± 950 Wm-
2
. This beam was then used to cut the CNT sample mounted on a computer-controlled stage. 
As the automated stage moved the CNT sample with respect to the FLB, the FLB cut deep 
into the CNT array, creating 2D microstructures on the surface. In addition, this direct writing 
technique was extremely versatile as it allowed the creation of various kinds of patterns and 
pitch sizes simply by controlling the motion of the x-y stage through suitable computer 
programming.  
Figure 8 illustrates a simple way that the depth of a CNT cut may be controlled. By setting 
the objective lens to a suitable height from the sample, the experimenter can focus the laser 
beam to the desired depth. The lens position on the left will give the deepest cut whereas the 
one on the right will give the shallowest. The depth of a cut in the middle lens position will 
be between the two extremes, but it will have the narrowest trimmed width and this is usually 
the configuration that is used in many of the laser pruning experiments. 
 
 
Figure 8: The position of the objective lens at various heights can be used to control the depth of 










In Figure 9(a), a periodic array of CNT pillars is created by FLB. The depth of the cut can be 
controlled by the power of the beam incident on the CNTs array as well as the height of the 
objective lens (Figure 8). A portion of the sample with high power can completely remove all 
CNTs in that region. Partial removal of CNTs is possible by suitable adjustment to the power 
of the incident laser using polarizers.  
 
 
Figure 9: (a) A periodic array of CNT cut by FLB. (b) Periodic walls of CNTs cut by FLB. 
 
Furthermore, we showed that it is also possible to create an angular cut, by suitable 
adjustment to mirror 1 or 2 such that the angle of incidence to the objective lens is not 
perpendicular to the surface of the CNTs. When the incidence laser angle was not normal to 
the objective lens, the resulting angle of refraction inside the lens was not uniform, bending 
more on the side where the incidence light was further away from the geometric centre of the 
lens. As a result, the FLB now hit the CNT sample at an angle, thus creating a slant cut. This 














Figure 10: (a) A forest of slant-cut CNT “trees”. (b) The top view of the same forest. 
 
During the laser pruning process, the experimenter can monitor the cutting of the 
CNTs by viewing one or both TV screens. Light reflected from the sample passes through the 
same objective lens and then through the beam splitter. The light is collected by a charge-
coupled device (CCD) camera is linked to a video recorder (VCR) and the TV by coaxial 
cables. The user can also video-record the process for measurement purposes or for future 
reference. The sample can be mounted face-up or mounted on the sideway as shown in Figure 
11. The sideway mounting enables the user to construct 3D structure on the CNTs arrays. 
 
Figure 11: Sample during FLB cutting can be mounted upright or sideways. 
 
The laser exits the laser system with a beam diameter of wo= 0.6 mm. The laser can be 










           (1) 
where the focal length of the lens, f = 7.8 mm, and z = 1 m, the distance the laser travelled 
from its exit from the laser source to the entry of the objective lens. w(z) was calculated to be 
2.6  m. This is consistent with the observed cut spot size of 4.08.5  m. However, a faster 
scan speed can achieved a narrower effective trimmed width due to the Gaussian profile of 
the focused laser beam and the shorter exposure time of the CNTs. Alternatively, a polarizer 
can be used to reduce the intensity of the laser beam since the laser beam is linearly polarized 
and cause the trimming of a shorter depth and narrower width. 
 
2.4 2D and 3D Structures made by Laser Pruning 
 
Many interesting structures can be cut by using the focused laser beam. Two-
dimensional structures can be easily constructed by direct writing of the focused laser beam 
that is fired onto the CNTs arrays. To create a three-dimensional structure, difference in the 
height of CNTs is needed and this can be achieved by several means, such as adjusting the 
height of the objective lens relative to the sample, using a polarizer to cut the power of the 
laser and using the inbuilt beam splitter of the microscope. 
Another way to create a 3D structure is to fire the FLB sideways onto the CNTs forest. 
As the focused spot is about 5 m in size while the CNTs array is typically over 60 m tall, 
we can cut the CNTs along its length to create standing three dimensional structures. Figure 




Figure 12: (a) Schematic of mounting the CNTs facing the FLB sideways. (b, c, d) Four SEM 
images of various shapes that can be cut by a sideway FLB.  
 
Perhaps the most important feature of the laser pruning technique is that it is able to create 
these 2D and 3D structures on a large scale. In particular, we use a computer programme to 
direct the cutting such that large-scale periodic arrays can be created automatically. This form 
of large scale cutting allows us to attain the same periodic scale level of a typical CNTs film 
developed in the common pre-growth lithography techniques but achieving a level of 3D 
control that these techniques are unable to offer. In Figure 13(a) to (f), the SEM images of 
various 3D structures that were made by the laser pruning method were shown. Figure 13 (a) 
and (b) are images of long channels created by slanting cuts of the FLB. Figure 13(b) 





(d) were some pyramidal shapes that were created by applying angular cuts to both the x-y 
directions.  
 
Figure 13: (a) Long arrays of CNT triangular wall created by a slant cut. (b) By inverting the 
slant angle, it is possible to create the reverse triangular wall structure. (c) The foreground 
consists of periodic square pyramidal structures made by rastering the slanted laser beam in the 
x-y plane to achieve an array of pyramids. The background consists of long wall structures of 
CNT. (d) Close up image of the pyramids. (e) Top view of the array of pyramids. (f) A close up 










2.5 Other experimental techniques 
 
Scanning Electron Microscope 
 
Scanning electron microscopy (SEM, JEOL JSM-6400F) is often used to investigate the 
surface morphologies of as-grown and post-treated samples. Monoenergetic electron beam 
from the electron gun passes through various magnifications and finally impinge on a solid 
surface and various signals such as secondary electrons, backscattered electrons, Auger 
electrons, and X-rays are given out. The primary signals are secondary electrons and 
backscattered electrons. The signal is then collected and amplified so that the sample can be 
seen through a cathode-ray tube (CRT). The resolution of the SEM is about 5nm and the 
sample holder can be tilted or rotated within certain ranges. By utilizing a special sample 
holder, the side-view of CNT microstructures can be imaged. A significant portion of the 
work in this thesis has to do with SEM analysis.  
Transmission Electron Microscope 
To investigate the fine details of the morphology of individual CNTs, we need the resolution 
power of a transmission electron microscopy (TEM, JEOL JEM-2010F and 3010F). 
Normally the TEM worked with an acceleration voltage of 200 or 300 kV in order to obtain 
clear atomically-resolved high-resolution TEM (HRTEM) images. For TEM studies, as-
grown or treated CNTs samples are removed and dispersed in a solvent by sonication. Then, 
the mixture is dropped onto Cu grids with carbon films. For the studies of SLADL on CNTs, 






Raman spectroscopy is a technique used in condensed matter physics and chemistry to study 
the vibrational, rotational and other low-frequency modes of a system. It relies on inelastic 
scattering of monochromatic light, usually from a laser in the visible, near-infrared or near-
ultraviolet. Photons or other excitations in the system are absorbed or emitted by the laser 
light, resulting in the laser photon energy being shifted up or down. The shift in energy gives 
information about the phonon modes in the system. Resonant Raman shift spectroscopy can 
be used to determine the structural features of CNT sample. By focusing the incident laser on 
a small area, Raman can detect the local structure phases on a micrometer scale with a high 
sensitivity. In our experiments, a Jobin Yvon T64000 Raman system with a green laser (532 




Chapter 3:  Post-growth lithography – Scanning Localized Arc   
  Discharge Lithography (SLADL) 
 
3.1 Introduction to the SLADL Technique 
 
Carbon nanotubes (CNTs) are interesting nanomaterials with unique properties that are 
well suited for a wide variety of applications (Dresselhaus 2001). Since their discovery by 
Iijima (Iijima 1991), CNTs have been studied in nanoelectronics (P. Avouris 2003), made 
into composites (Ajayan 1994), used as electrochemical devices (An 2001), scanning probe 
tips (Dai 1996), field emitters (de Heer 1995), gas storage media (Dillon 1997), and etc. In 
applications such as field emission, interconnects and micro-electro-mechanical systems 
(MEMS), it is essential to fabricate CNT microstructures into a wide variety of patterns with 
specific dimensions. To create CNT microstructures, it is common to use patterned catalyst 
film for the control of the growth position of CNTs (Fan 1999), which often can be realized 
with various lithography routes. In addition, CNTs microstructures can be created by post-
growth methods such as printing, in which a solution of CNTs is prepared, followed by a 
conventional screen printing (Lee 2001), or a direct standard inkjet printer (Kordás 2006). 
Printing typically resulted in patterns of randomly aligned CNTs. CNT microstructures can 
also be fabricated by focused laser pruning as detailed in Chapter 2. For the ever-increasing 
potential applications of CNTs, development of techniques for the creation of microstructures 
made of CNTs is highly desirable. In particular, methods that are simple and economical will 
be attractive to researchers in this field. In this chapter, we will present another technique 
developed to create microstructures made of CNTs. Namely, the technique of Scanning 




The Scanning Localized Arc Discharge Lithography (SLADL) is a simple post-growth 
lithographic method that involved direct writing of micro-patterns on an array of CNT sample 
via an arc discharge applied through the tip of an electro-chemically etched metallic wire tip. 
The arc discharge corresponds to a sizable localized passage of electric current through the 
aligned array of MWCNTs via the tip, which resulted in localized truncation of the MWCNT. 
This lithographic technique is similar to the aforementioned laser pruning technique where 
the former employs focused laser beam to burn up the nanotubes at the focused laser spot, 
and the latter burns the nanotubes by a local electric current. The etched tungsten tips have 
typical diameters on the scale of tens of nm (see Figure 
14) and the fine sharpness of the tip makes it capable of 
generating a strong localized electric field in the region 
of the tip when the wire is connected to a potential 
difference source. When the field is sufficiently close 
enough to an array of CNT, it can result in an electrical 
discharge and cause a local „explosion‟ which destroys 
the CNT in that region. The extent of the destruction 
depends on both the fineness of the tip and the applied 
potential to the tungsten tip. By placing the CNT film on 
a manual or motorized planar platform, then it is 
possible to create 3D features on the CNT film when a 
voltage is applied across the region of the tungsten tip 
and the CNT forest. The word „scanning‟ is derived 
from the fact that the tip of the tungsten is moving 
Figure 14: SEM image of a tungsten tip. 
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across the surface very much like the way other scanning instruments do.   
 
The SLADL is a relatively inexpensive technique as it requires no expensive equipment 
to create patterns on the CNT array. It cannot create very well defined cuts as can the laser 
pruning technique due to the „violent explosions‟ when the tip is placed in the vicinity of 
CNT. However, this reaction created some interesting phenomena and microstructures at the 
„explosion sites‟. Details of the effects of localized electric current on the morphological and 
structural changes on the CNT are also investigated. 
 
3.2  Experimental setup of SLADL 
 










CCD camera  substrate
Upright Microscope lens (A)
Top view TV 
screen
Side Microscope lens (B) + 
CCD camera




Figure 15 shows a schematic setup of the scanning localized arc discharge lithography 
(SLADL) technique. The main component of the experimental setup is a sharp conductive tip, 
which is anchored onto a manual XYZ stage. The tungsten tip is made by an electro-chemical 
etching of a piece of tungsten wire using a sodium hydroxide solution and passing a current 
through it. The tungsten tip is connected to a voltage source meter, which is in turn connected 
to an aligned array of MWCNTs grown on a Si substrate. The voltage applied varied from 5 
V to 60 V. The CNTs were grown in a plasma enhanced chemical vapor deposition (PECVD) 
system, as described in Chapter 2. As shown in Figure 15, an upright optical microscope (A) 
was used for the top view imaging of samples. A side-view optical microscope (B) with long 
working distance was added to monitor and provide the side profile of the process. Figure 16 




Figure 16: (a) A photograph of the entire experimental setup. (b) Viewing of top-view and side 
view of the SLADL process. (c) and (d) show the tungsten wire touching on the carbon nanotube 
patch. (e) Bright light sources are needed to capture the image on the TV clearly during the 
experiment. 
 
During the experiment, the biased tip was manually manoeuvred towards the top surface of 
CNTs till they touched. For the fabrication of microstructures, the MWCNT sample was 
positioned on a computer-controlled motorized sample stage. Motion of the MWCNT sample 
with respect to a stationary tip gives rise to truncated MWCNT. As-grown and treated 
samples were imaged for the morphological and structural changes by using field emission 
scanning electron microscopy (FESEM, JEOL 6400F), transmission electron microscopy 




3.3 Results and Discussion 
 
3D microstructures 
As with the laser pruning technique, by suitable programming of the computer controlled 
stage, it is possible to manipulate directions so as to „draw‟ pictures on the CNT film when 
the arc discharge passes through it. A simple but meaningful cut would be to write the word 
NUS on a patch of CNTs as shown in Figure 17.  
 
Figure 17: SEM image of the letters NUS cut into CNT by a biased tungsten tip 
 
In order to construct well-defined structures, a sufficiently high voltage should be applied at 
the contact point. Figure 17 shows an SEM image illustrating the difference between a path 
created by what seems to be a mechanical scratch across the CNTs surface and another path 
created by good voltage cut.  
The left hand-side path was actually created by a tungsten tip with a voltage of 20V while the 







a voltage less than 25V tend to produce the kind of rough cutting as seen in the left-hand side 
path. One might infer that the rugged path is simply the result of a mechanical destruction of 
the CNTs carpet as the tungsten tip drags across the CNTs surface. However, close 
examination of the SEM images (Figure 19) at the site of the 20V cut reveals that the CNTs 
were actually melted and fused into microscopic carbon balls. Since the melting point of 
carbon nanotubes is typically over 4000K, we can deduce that there is actual voltage cut and 
the rugged shape is merely the result of insufficient cutting power. If that is the case, one 
might wonder what it would look like if we were to use the sharp tungsten tip to scratch the 
surface without applying any voltage.  This pure mechanical drag will cause a large section of 






Figure 18: The left-hand side path is made under a 
voltage cut of 20V while the right-hand side path is 
created by a 40V cut. 
Figure 19: SEM image showing the melting and 
fusing of CNTs in the site of 20V cut. 
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Analysing the flashes 
Before we proceed further with more SEM analysis, it is interesting to know just what we 
could see with an optical microscope. Figure 20 shows two optical images of an actual side-
cut process captured with a long working distance microscope. These images show the 
voltage cutting of CNT under a bias of 60V. As the sharp tungsten tip gradually cut through 
the side of a CNT carpet of height approximately 30 m tall, bright sparks were observed. In 
fact, the light is so bright that in a dark room, the sparks can be seen at a distance of 3m. This 
really is quite remarkable since the diameter of the cut is only about 50m wide. It is from 
these bright sparks that inspire us to name the process “localised arc discharge”. It should be 
noted that the dark spots in Figure 20(a) are impurities on the microscope lens and not actual 
CNTs flung off from the site of explosion. 
 
Figure 20: (a) Tungsten tip at 60V bias cutting through a carpet of CNTs. The height of the 
CNT in this picture is about 30m as seen in later SEM analysis. (b) The same image with the 
laboratory lights switch off. The sparks generated can be seen by the naked eye. 
 
We can also attempt to estimate the temperature of these bright flashes. Equating the power 









       
Using V = 60V and R = 3000 the value of R is estimated from the work in Chapter 5), and 
for the CNTs‟ emissivity e   0.98 (Kohei Mizuno 2009), the approximate surface area of the 
CNTs inside the flashes A   1.70 x 10-7 m2 (this area value is estimated from the number of 
CNT catalysts sites shown in Figure 2 and corrected for a typical 15-shell multi-walled 
nanotubes in Figure 34(b)). Using these figures, the approximate temperature for the flash is 
3300K. Figure 21 shows the SEM image of a tungsten tip that is deformed by the high 
temperature of the arc discharge process. 
 








Figure 22: The SEM images of paths cut by different voltages. 
 
The SEM image in Figure 22 shows the paths created under different voltage bias. Each path 
is a result of a few raster scans so the main feature of this image is not the widths of the paths 
but the morphology of the cutting. As we have seen before in Figure 18 the morphology of a 
20V bias cutting is one of rugged cut. As the voltage bias increases to 30V, the pathways 
created are much more regular and well-defined. At 40V, some minor explosions can be seen 
as the tungsten tip moves across the CNT carpet. At 50V and 60V, the pathways are filled 
with craters that are caused by localized explosion as the high voltage tungsten tip raster 
across the CNT surface.  
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Let us investigate the CNTs within a typical crater formed from the local „explosion‟ of CNT 
when a 60V bias at the tungsten tip is applied. The following SEM images in Figure 23 
shows different locations on the crater labeled Regions 1, 2 and 3.  
 
Figure 23: (a) Overview of a crater created by a localized micro-explosion. (b) CNTs right at the 
centre of the explosion. (c) CNTs at Region 2 which is at intermediate distance from the centre 
to the edge of crater. (d) CNTs at Region 3 which has the thinnest of nanotubes. (e) As-grown 







For the purpose of comparison, we shall take reference with the image of the as-grown CNTs 
(Figure 23 (e)) obtained at the same magnification. Here we made the assumption that the 
centre of the explosion is located at Region 1 because the SEM image shows that all the 
CNTs have collapsed away with respect to this position. Upon magnification, we observed 
that the diameter of the CNTs at Region 1 has grown larger (see Figure 23(b)) as if they are 
coated with a layer of amorphous carbon. Subsequent observations under HRTEM confirmed 
that the original MWNTs are indeed covered by a layer of non-crystalline carbon layer 
(Figure 24). The double-sided arrow that is labeled 1 in Figure 24 shows the thickness of the 
non-crystalline layer of carbon while the double-sided arrow labeled 2 represents the 
thickness of the multi-walls of the nanotube. 
 
Figure 24: TEM image of a nanotube at the centre of a 






At the locus of 10 m from the centre is an area that we have labeled as Region 2. In this 
region (see Figure 23(c)), the diameter is substantially thinner than those at Region1 but 
thicker than that of as-grown CNTs. And near the edge of the crater at Region 3, some of the 
CNTs observed are thinner than the as-grown CNTs and this suggests that some of the outer 
shells of the as-grown multi-walled CNTs have been destroyed in the process. The important 
question is why should the CNTs at the centre of the explosion which is presumably the 
hottest region, gets fatter instead of thinner as the heat is likely to break down more of the 
outer walls of the MWNT? We offer an explanation for the observed phenomenon below.  
If indeed the temperature is highest at Region 1 at the moment of „explosion‟, then we would 
expect the air at Region 1 to undergo rapid adiabatic expansion and create a weak vacuum 
and so that rapid cooling takes place almost instantaneously after the „explosion‟. As a result, 
a process of quick condensation of vaporized carbon atoms occurs on the surfaces of CNTs at 
Region 1 but these condensed carbon atoms do not form new nanotube walls. As the effect of 
the adiabatic expansion-cooling diminishes as the distance from the centre of „explosion‟ 
increases and so less deposition occurs in Region 2. Finally, at Region 3, the temperature is 
hot enough to vaporize some carbon nanotubes but does not cool fast enough for 
condensation to take place. The carbon atoms at these sites are likely to react with the oxygen 
in the air to form compounds of carbon oxides. 
 
Next, we investigated the CNTs located within the scanned pathways under various voltage 




Figure 25: Various surface morphologies under 1000X magnification. 
 
The above set of SEM images show the surface morphologies of the as-grown CNTs and 
those after exposure to the arc discharge process at a various voltage biases. By carefully 
controlling the CNT-tip distance to avoid complete removal of the CNT, some residual CNTs 











Figure 26: (a), (b) are SEM images of as-grown CNTs. (c), (d) are images of CNTs from a path 
created by a 25-V bias cut. (e), (f) are images of CNTs from a path created by a 60-V bias cut. 
 
Close-up SEM examination under a 25000X magnification (Figure 26) shows distinct 






Remarkably, the diameters of the MWNTs became significantly reduced after the arc 
discharge process. The result suggests that the passage of electric current provides sufficient 
energy to truncate the CNTs as shown in Figure 27. For the remaining MWNT, especially 
those in the vicinity of the cutting sites, the outer walls of the MWCNTs are burnt off, as 
shown in the close view images in Figure 26 (e) and (f). In addition, the height of remaining 
CNTs depends on the relative distance of the scanning tip with respect to the top surface of 
the CNT forest.  
 
Figure 27: The circled sites showed that the MWNT has been truncated, i.e. the end caps are 
removed. 
 
Detailed measurements of the diameter distribution of the MWCNT from the SEM images 
have been carried out on as-grown and SLADL treated samples. The results are shown in 
Figure 28. The average diameter of the MWCNTs is reduced from 94  13 nm (as-grown) to 






Figure 28: Distribution of the CNT diameters for (a) as grown, (b) 25V cut, and (c) 60V cut. 
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Electric current analysis 
During the truncation experiment, the electric current – time (I – t) relationship was 
recorded. An example of the I-t graph plotted at the applied voltage of 30V is shown in 
Figure 29. The tungsten tip was then moved towards the CNT sample. In Figure 29, the peak 
mark 1 corresponds to the situation where the biased tip just touched the MWCNTs sample 
during the alignment of stage right before we activated the scanning instruction at the 
computer. Destruction of the MWNTs near the tip soon after contact caused the circuit to be 
broken and thus the current quickly fell back to zero. Point 2 in Figure 29 corresponds to the 
onset of the movement of the sample stage (i.e. onset of scanning). During the scanning, 
electrical contact is re-established and this provided the sustained electrical current passing 
through the circuit loop. The average current measured under the 30-V bias is about 5A. As 
for the 50-V cut, the mean current flow recorded is smaller probably because the instrument 
is unable to detect rapid changes in current as under a 50-V bias, the cutting is hiccupped 
with micro-explosions as shown previously in Figure 23. 
 
 
Figure 29: (a) An example of the measured electric current through the system versus time in a 
typical touch-and-scan experiment for a voltage of 30V. (b) The current-time graph when the 


































To investigate the structural changes induced by the SLADL treatment, Raman spectroscopy 
studies of the sample after SLADL with different voltages were carried out, as shown in 
Figure 30(a). We can see that, after treatment the positions of D and G bands remain 
unchanged. However, the treated samples show a very significant reduction in the height of 
the peak for the D band versus the G band as shown in Figure 30(b). The ID/IG ratio gradually 
reduces from 0.9 to 0.5 after arc discharge treatment at 60V. Since D band is generally 
associated with the structural disorder in the CNTs, SLADL helps to lower the degree of 
structural disorder in the sample.  
 
Figure 30: Raman spectra of the as-grown sample and the sample after SLADL treatment at 
different voltages. (b) ID/IG plot from the Raman spectra versus applied voltages. 
 
For a better insight of the microscopic structures of the 
MWCNT after the localized arc discharge process, we 
carried out TEM imaging of MWCNT samples. To 
ensure that we are imaging MWCNTs that have been 
exposed to the arc discharge process, the scanning 
(a) (b)





localized arc discharge lithography was carried out at a fixed voltage biased across the entire 
sample with a typical size of 5 mm x 5 mm. The samples were then ultrasonically dispersed 
in alcohol and dropped onto a TEM Cu grid for TEM/HRTEM imaging (see Figure 31).  
Figure 32 shows a typical TEM image 
of as-grown MWCNTs from our 
PECVD growth. Usually the as-grown 
CNTs have close ends with iron 






Figure 33: (a) TEM image of a CNT which has its end-cap truncated. (b) TEM image of CNT 
with structural damage to its multi-walls structure. Note that both images show that the non-






Figure 32:TEM image of as-grown CNT.  
 48 
 
Figure 33(a) and (b) show the HRTEM images of CNTs after exposure to the arc discharge at 
a biased voltage of 60 V. First, we note that the amorphous carbon layer is very thin in this 
strain of CNT, which suggest that they are not CNTs from the centre of a crater (see Figure 
23). It can be seen that the cap of some CNTs has been opened (Figure 33) and broken 
graphite layers were often found on the tip of the CNT. In addition, breaking-off of the 
outmost layers of CNTs is observed, as shown in Figure 33(b), marked by an arrow.  
 
Figure 34: (a) TEM image showing a partial removal of end-caps. (b) TEM image showing the 












Through a meticulous scan of all the CNTs in the sample, we manage to see some other types 
of defects. Figure 34(a) shows a CNT with all but two of its end-cap walls removed. Figure 
34(b) shows the splitting of a carbon nanotube. Part of the cylindrical nanotube is crushed 
and its opposite walls fused thermally together and part of the nanotube has the cylindrical 
tube broken apart. Note that these observations of structural defects are not in contradiction to 
the results of the Raman spectra which suggest that the disorderliness in structure should 
decrease because these observed defects are rare.   
Mechanism for SLADL 
We propose the following mechanism for the truncation of MWCNT and the observed 
reduction of the diameter of the MWCNT during the SLADL. The arc discharge process 
corresponds to the passage of large electric current through the MWCNT samples. MWCNTs 
are conductive (Avouris, 1999) and it has been reported that majority of the electric current 
passes through the outer layer of the CNT (Frank 1998). It has been reported by Smalley et al. 
that applications of electric current can cause the removal of outer layer of the MWCNT 
(Rinzler 1995). Also, arc discharge has been used to open or cut isolated CNTs for their 
length control (Xu 2004). On the other hand, a layer-by-layer destruction of a single 
MWCNT under a bias has been reported by Collins et al. (Collins 2001). Although it has 




 under a 
condition of ballistic transport (Frank 1998), the high density of defects and large number of 
layers in our MWCNTs make this almost impossible. Hence, at large applied current the 
outermost layer of the MWCNTs cannot sustain the high current pulse and these results in the 
preferential truncation or removal of the outermost layer of CNT. And this process is also 
reported to be accompanied with flashes as observed in our experiment and the flashes are 
also reported phenomenon during the unravelling of the CNTs (Rinzler 1995).  
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To further demonstrate the flexibility of the SLADL technique, a side cutting of aligned 
MWCNTs as indicted in the schematic in Figure 35 was conducted. The sharp tip readily cut 
away part of the cylindrical body of the MWCNT and left behind two separated segments of 
the CNTs. SEM images of the resultant sample are shown in Figure 36. Notably the segments 
above remained structurally stable due to the entanglement and Van der Waals force among 
the intertwined MWCNT. A close-up view in Figure 36 (d) shows that treated CNTs have the 
similar morphologies with those after top-view SLADL. Combining with the side cutting, one 
can readily create three-dimensional microstructures based on MWCNT forests with this 
technique. 
 




Figure 36: (a), (b) Far view of a simple side-cut. (c) Close-up image of a local area created via 
SLADL. (d) Close up image of the location marked location from (c), the CNTs clearly show 








Chapter 4: Versatile Transfer of Carbon Nanotubes onto various 
substrates by PDMS 
 
4.1 Introduction to CNT transfer 
The conventional chemical vapor deposition (CVD) growth of carbon nanotubes often 




C and a buffer layer is usually 
needed to ensure the function of the catalyst (usually Fe, Ni or Co). Traditionally, the 
substrates have been restricted to high-melting point semiconductors (e.g. Si) or insulators 
(e.g. quartz) for many years. The growth of well-aligned CNTs on metallic substrates via 
CVD was only reported quite recently (Talapatra 2006).  On the other hand, solution-based 
low-temperature synthesis of CNTs has been realized on plastic substrates (Hofmann 2003, 
Choi 2006). To fabricate CNTs on other desired substrates, printing techniques including 
screen printing (Talin 2001, Saito 2000), dip-coating (Matthew 2004), and inkjet printing 
(Kordás 2006, Park 2006, Lyth 2007) have shown potentials in making flexible devices based 
on carbon nanotubes. One drawback of the above techniques is that they usually produce 
products with randomly aligned morphology which might somewhat affect the electrical 
properties of CNTs. To maintain the alignment of the CNTs arrays, a few methods have been 
developed to transfer CNTs onto desired substrates. For example, Zhang et al (Zhang 2005) 
and Chai et al (Chai 2007) reported the transfer of freestanding CNT films on Cu substrate 
after a lift-up of SiO2/Si by HF etching. By utilizing low melting point eutectic metals (Sn/PB 
or Sn/Au) as solders, aligned CNTs were also transferred to metal substrate by Zhu et al (L. ,. 
Zhu 2006) and Kumar et al (Kumar 2006). In this technique, open-ended CNTs showed 
better efficiency due to their proper wetting with metals (L. ,. Zhu 2006). Using a similar 
principle, a hot embossing technique has been reported to transfer CNT patterns onto polymer 
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substrates (Allen 2006). In addition, to improve conductivity, a conductive polymer 
composite is used to transfer CNT films on a Cu surface (Jiang 2007). In order to create a 
wide range of CNT-based devices, the development of a versatile transfer technique is highly 
desirable. These attributes include a simple and low-temperature process, use of inexpensive 
and common substrate, strong adhesion and satisfactory electrical contact. 
 
4.2  Early work using Ag paste as an adhesive 
After the fabrication of the CNTs pillars, we immediately attempt to test the electrical 
character of the sample.  
In our earliest attempts to achieve our intended target of placing the CNTs pillars that have 
been fabricated by laser pruning onto a conductive substrate, we simply stick a whole array of 
CNTs onto a well-polished Cu substrate by means of silver paste as illustrated by Figure 37. 
 
Figure 37: (a) SEM images of carbon nanotubes attached to a Cu substrate by means of Ag paste. (b) A close-up 
image reveals that the alignment is still preserved after the transfer. 
 
The surface of a piece of Cu plate is first planarized by mechanical polishing using 2-micron 




Exposed base of CNTs 
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brush. The process of coating needs to be completed within 10 seconds so that the topmost 
surface of the Ag paste does not have time to solidify which might compromise the CNTs 
transfer. Next, a prepared piece of CNT sample resting on the Si substrate is pressed top-
down onto the silver paste. The whole combined sample is allowed to rest for about 5 
minutes for the Ag paste to harden. Thereafter, we can remove the Si substrate and the CNTs 
will be strongly adhered to the Ag paste. 
 This simple transfer method achieved partial success as the CNTs can be successfully 
transferred. However, silver paste dries quickly in air and so sometimes local patches will dry 
before CNTs are implanted resulting in incomplete transfer of CNT arrays. Attempts were 
made to circumvent this situation by using UV-curing silver paste. However, that too, fell 
short of expectation as the solution sticks too well with CNT such that the silver paste instead 
of staying at the bottom to act like a surface glue, creeps up along the height of the CNTs to 
reach the top surface. As a result, we have decided to explore PDMS as a possible candidate 
for CNT transfer. 
 
4.3  PDMS as an adhesive 
In this section, we report a simple and direct technique for transferring aligned CNTs grown 
on Si substrates onto target substrates with polydimethylsiloxane (PDMS) intermediation. 
Since PDMS is a soft elastomer at room temperature, the technique can be used to readily 
transfer CNTs on both conductive and flexible substrates. Furthermore, the process involves 
low temperatures or even room temperature. Characterizations have been carried out to 
investigate the surface morphology of transferred CNTs and the interface between them and 
target substrates.  
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First, a forest of CNTs is grown by means of PECVD and then later shaped into periodic 
structures by focused laser punning technique as have been described in Chapter 2. The 
transfer process was schematically shown in Figure 38. Firstly, the selected substrates are 
coated with a layer of Pt film (~30 nm) in a film coater (JEOL JFC-1600) for reliable 
electrical contact. After that, a drop of PDMS solution and curing agent (ratio 10:1, Sylgard) 
mixture is spin coated (P6700, Specialty Coating System Inc) on the surface of different Pt-
coated substrates. The volume of PDMS used is 5-10 L and spin speed is set at 4000 rpm. 
Then a piece of as-grown or patterned CNT arrays on Si substrate is mechanically pressed 
onto the surface of PDMS-coated substrate such that the top layer of the original CNTs is 
embedded in a thin layer of PDMS. Note that the thickness of the PDMS is typically less than 
10 m and so the CNT structures will not be completely immersed in PDMS. Then, the 
whole composite as illustrated in step 2 of Figure 38 is thermally treated at 90-120
o
C in a 
hotbox oven (Gallenkamp) for 10 min. The thermal treatment cures the liquid PDMS so that 
the CNTs are cemented to the PDMS. Alternatively, the curing can be carried out at room 
temperature (25
o
C) for 20 hours. After the PDMS polymerization, the Si substrate is lifted up 
and the CNTs are left adhered onto the target substrate. Step 3 is really quite easy because the 
CNTs are attached weakly to the original Si substrate but adhered strongly to PDMS.  The 
transferred CNTs will be characterized with field emission scanning electron microscope 




Figure 38: Three-step process in transferring the CNT structures from the original Si substrate to another.  
 
Figure 39(b) demonstrates a collection of aligned CNTs transferred on different substrates. 
The CNTs can be successfully transferred onto metallic substrates like Cu and Fe foils, brittle 
substrate like glass slides, flexible polymers and other fabric substrates such as paper and 




PDMS thin film is 
applied via spin 
coating at 8000 
rpm for 10 min.
Sputtered metallic 







CNTs on Si. It has shown that the wetting of PDMS 
 
Figure 39: (a) Transfer of CNTs onto different substrates used in the experiments. (b) 
Photograph to demonstrate the flexibility of a transferred CNT film on polymer substrate. 
 
solution on the target substrate is crucial for the satisfactory adhesion of CNTs and thus the 
efficiency of transfer. Repeated experiments have shown that Pt is a suitable medium for both 
good wetting and excellent contact, especially for some substrates which themselves are not 
wetted by PDMS. Figure 39 (a) clearly shows the successful transfer of CNTs onto 
transparent glass and polymer substrates, making them potential candidates for optoelectronic 
applications. The flexibility of polymer film with aligned CNTs on it is demonstrated in 
Figure 39 (b). No obvious breaking or shedding of CNTs was observed when the sample was 
bent. Real foldable devices could be realized based on CNT films transferred on cloth or 
paper. 
Figure 40 (a) and (b) show the typical top view SEM images of as-grown and transferred 
CNTs respectively. In this case, the height of CNTs is around 70 m and the average 
diameter is between 20-50 nm. Obviously, the top part of as-grown CNTs is highly curved 




sample and thorn-shape coatings can be seen on the surface of some CNTs as shown in the 
inset of Figure 40 (a).  
 
Figure 40: Typical top-view SEM images of (a) as-grown and (b) transferred CNTs. The insets 
show their close views of individual CNTs respectively. (c) Micro Raman spectra from the 
surface of as-grown and transferred CNTs. (d) demonstrates a transferred CNT pattern created 
by focus laser pruning on the as-grown substrate. 
 
Comparatively, the top of transferred CNTs, which is actually the root part of as-grown CNTs, 
looks much cleaner with better alignment, as can be seen from Figure 40(b) and its inset. 
Such a difference can be observed from their Raman spectra (Figure 40(c)) more clearly. In 
the spectra, two main peaks at ~1340 and ~1575 cm
-1
 can be identified as the D and G bands 
of MWCNTs.
22
 After transfer, the positions of D and G bands remain unchanged, but the 
ratio of D band intensity to that of G band is decreased from 0.80+0.06 to 0.42+0.02. Since D 
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band indicates disordered or amorphous carbon while the G-band corresponds to ordered 
graphite in MWCNTs (Nilsson 2000), the Raman study suggests that the root part of as-
grown CNTs has fewer defects than the top part. It has been reported that the top of CNTs 
tends to be covered by amorphous carbon after long-duration growth.(Lim 2003, Kim 2003, 
S. ,. Huang 2002). So the transfer technique renders one to select the higher-quality part of 
aligned CNTs as the tip of sample, which could minimize unexpected influence of amorphous 
carbon in some applications such as field emitters. In addition, focus laser pruning technique 
was used to create patterns on the as-grown samples. These patterns have been successfully 
transferred onto another Si substrate, as demonstrated in Figure 40(d). A satisfactory 
duplication of patterns was obtained.  
The formation of satisfactory electric contact is essential for the application of transferred 
CNTs in electronic devices. The cross-section of a CNT film transferred on glass is subjected 
to SEM studies. The typical images are shown in Figure 41. 
 
Figure 41(a) A side view SEM image of transferred CNTs on glass substrate. Markers b and c 
represent those regions magnified in (b) and (c) respectively. (d) demonstrates a buried channel 
created with laser pruning followed by transfer technique. 
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 In Figure 41(a), a PDMS layer with a thickness of about 15 m was clearly observed. 
Obviously, the PDMS has uniformly diffused into the forest of CNTs and bonded all CNTs 
together during the polymerization. The part between protruding CNTs and PDMS layer was 
further magnified in Figure 41b, from which a sharp interface can be observed on a 
micrometer scale. In Figure 41c, a close view of the bottom part of the PDMS layer has 
shown that the CNTs were capped by polymers, with some protrusions touching the Pt coated 
substrates. Figure 41c suggests that not all CNTs contact Pt coating due to the non-uniform 
height of as-grown CNTs. However, the good wetting of PDMS on Pt makes the adhesion 
and thus the contact strong. A simple two-probe measurement has shown that the transferred 
CNT film has a low resistance of ~kΩ ranges. Better contact can be obtained by optimizing 
the uniformity of length of as-grown CNTs. It is worth noting that a suitable pressure was 
applied on Si during curing of PDMS, which could create more contact points between Pt 
coating and tips of CNTs. However, overwhelming pressure may cause the Si substrate to 
touch PDMS, resulting in a difficult lift-up and crunched CNTs as well. Thus, an optimized 
contact between CNTs and Pt coating depends on the balance of the following factors: length 
of CNTs, thickness of PDMS coating and pressure on the Si during PDMS curing. More 
systematic studies based on different target substrates are in process. With this technique, a 
buried channel created with laser pruning (Lim 2003) has been transferred onto glass slide, as 
demonstrated in Figure 41(d). The channel has a width of about 30 m and depth of about 20 
m. It can be seen that the channel was compressed due to the pressure applied during 
transfer, but the entanglement between CNTs renders the channel to retain the rectangular 
shape. The junctions formed during laser pruning are observed (Saurakhiya 2005), as marked 





Chapter 5: Electrical and Mechanical Properties of Carbon Nanotubes 
structures and its Polymer Hybrid Structures  
 5.1 Introduction to the problem of miniaturization of interconnects 
 
As Integrated Circuit (IC) dimensions decrease, many technical issues appear in the areas of 
I/O density, power delivery, and thermal-mechanical reliability. Therefore, solutions are 
required for problems involving the local, intermediate and global wiring of microprocessors. 
Most of the challenges in the interconnect technologies arises from both material 
requirements and difficulties in process integration. Furthermore, scaling conventional copper 
interconnects in wire bonding or flip-chip bonding poses another challenge in meeting the 
above issues. The electrical resistivity of common metals tends to increase as the dimensions 
decrease due to both electron surface scattering and grain boundary scattering. Another 
commonly associated problem would be electromigration. Electromigration, which is the 
current-induced displacement of atoms that occurs in a conductive material, is of critical 
importance to consider when selecting an interconnect material (such as Al, Cu, W, Ag and 
silicides) for use in microelectronics circuits (Bohr 1995). Atoms are displaced under the 
combined effects of direct momentum exchange from the drifting electrons and the influence 
of the applied electric field, and this mass transport may cause a partial removal of material at 
one location and a build-up of material at other sites. This would result in an open circuit in 
the depleted zone (void formation) and a short circuit in a build-up zone (hillocks and 
whiskers) (Tao 1993). The effects of electromigration are more pronounced as the 







), the susceptibility of common interconnects metals to electromigration becomes a 
serious problem for future nanoelectronics applications (J. ,. Li 2003).  
 
In order to address some of these problems, vertically well-aligned carbon nanotubes (CNTs) 
pillar arrays is a potential candidate in IC packaging as electrical interconnects. The superior 
electrical, thermal, and mechanical properties of CNTs would be advantageous in aspects 
such as the reduced interconnect pitch size, increasing thermal conductivity, and enhancing 
system reliability. In particular, the high current carrying capacity and mechanical stability 
made them suitable for future interconnects in microchips (Wei 2001). Earlier works included 
the use of vertical well-aligned MWNT encapsulated in SiO2 (J. ,. Li 2003), growing CNTs 
on lithographically prepared substrates (Duesberg 2003) or CNTs within anodised aluminium 
oxide template (M. ,. Li 2003, Miao 2006).  Theoretical studies have shown that the 
resistance of an individual MWNT undergoing ballistic transport has a high resistance of 12.9 
k(M. ,. Dresselhaus 2001). This suggests that thousands of MWNT connected in parallel 
are needed for good interconnect applications (L. ,. Zhu 2006). However, there is a need to 
ensure that the structural stability of the CNT pillar can be sustainable for any feasible 
applications. To achieve this, securing CNT bundle stability is made by filling up the gaps in 
between the as-grown CNT by polydimethylsiloxane (PDMS) (Raravikar 2005). In this work, 
we describe the fabrication of CNT-PDMS pillars via CNT growth and laser pruning leading 
to CNT arrays onto silicon wafer with and without embedding PDMS. The electrical and 




5.2  Experimental Details on the Fabrication of CNT-PDMS Hybrid Material 
 
A CNT film was first fabricated by plasma enhanced chemical vapor deposition (PECVD) as 
described in the previous chapter. The desired length of CNT can be controlled by adjusting 
the duration of growth. The CNT film was then cut into a periodic array of pillars by means 
of a focused laser beam (FLB) pruning method 
 
In this section, a periodic array of CNT pillars of dimensions (10 m10m30m) with 
pitch size of 20m was made via the FLB technique. This particular direct writing technique 
provides the necessary versatility to create various kinds of patterns and pitch sizes simply by 
programming the computer-controlled x-y mobile stage. We have also shown previously that 
it is also possible to create an angular cut, by suitable adjustment to mirror 1 or 2 such that 
the angle of incidence to the objective lens is not normal. When the incidence laser angle is 
not normal to the objective lens, the resulting angle of refraction inside the lens is not 
uniform, bending more on when the incidence light is further away from the geometric centre 
of the lens. As a result, the FLB now hit the CNT sample at an angle, thus creating a slant cut. 
This was demonstrated in the pyramidal array in Figure 42. The entire laser trimming process 
can be viewed real-time on a television screen connected to a CCD camera mounted on top of 




Figure 42: (a) Side view SEM image of a periodic array of CNT pillars trimmed by FLB. (b) The 
same set of pillars from top view. (c) Magnified view of a single CNT pillars from top view. (d) 
Pyramidal CNT structures pruned by angular cut. 
 
After the CNT pillars were fabricated, the MWNT sample is wetted with a liquid polymer 
PDMS. This is done to enhance the mechanical strength and stability of the CNT pillars for 
them to be useful in off-chip interconnects. Commercial PDMS comes in a viscous liquid 
form which must be mixed with its curing agent in the ratio of 10:1. A schematic of the 








Figure 43: Schematic of the process of imbibing PDMS in CNT array. 
 
Figure 43 illustrates the process of imbibing PDMS into the CNT pillars. First, the as- grown 
CNT forest is laser-pruned into an array of vertical pillars. Then, half of the substrate is 
cleared of CNT by using a fine razor blade. A drop of liquid PDMS was applied to the centre 
of the substrate and the whole sample was subsequently spin coated at about 7500 rpm for 10 
minutes. In this manner, the PDMS would spread out evenly and filled up the gaps inside the 
CNT pillars. Finally, the sample was placed in a convention oven and heated to a temperature 
of 100
o
C for an hour for the polymerization of PDMS. 
 
 However, the initial results of this technique were not successful. The reason is 
because the PDMS, under such a high spin rate, will smashed into the pillars of CNTs at a 
high speed and knock the loosely standing CNT pillars down and thus causing immense 
structural damage to our desired patterns. Figure 44 shows the image of some pillars that 






CNT embedded in PDMS after spin coating. Sample is heated to 




Figure 44: (a) image of uneven spreading of PDMS among the CNTs, causing the CNT pillars in 
the PDMS concentrated region to collapsed toward one another due to the adhesive property of 
PDMS to CNTs.(b) A close up image of the collapsed region. (c) PDMS covering to the top of the 
CNT pillars. (d) CNTs walls collapsed when the PDMS collided with the CNTs walls. 
 
During the spin coating, the PDMS spreads out under the centrifugal force and developed 
into a fast and strong wave that swept into the region of CNTs pillars. The path of destruction 
was evident in the SEM analysis of the initial samples. Moreover, since PDMS stick well to 
CNT, as the PDMS wave could create a drag force that pulls the CNTs pillars along its flow. 
Hence, in order to make the desired hybrid structures, there is a need to allow the controlled, 








The first retrial was to use a smaller spin coating speed so as to reduce the centrifugal force 
on the PDMS which might decrease the speed in which the PDMS impacted on the CNTs 
pillars. However, it was discovered that the minimum spin speed that could result in 
reasonable imbibing of PDMS into the pillars region was approximately 7500 rpm. This is 
due to the fact that the surface tension of PDMS could hold out against high spin speed, and 
at 7500rpm, the collapse of the pillars were almost certain. 
 
An alternative method is to use the laser pruning technique to cut long stretches of CNT walls 
which are about 100 m long and 30m wide and the channel-gaps of the walls was about 
30m, right in front of the CNTs pillar to act as a buffer. These channels can also ensure that 
the smooth and steady flow of PDMS into the pillars region, instead of a destructive wave as 
was previously observed. The schematic is illustrated in Figure 45. Repeated experiments 
have shown that these walls were strong enough to withstand the high spin coating speed and 
can help to maintain a smooth flow of PDMS into the CNT pillars region so that allowed the 
pillars to remain undamaged.  (See Figure 47 for PDMS imbibed CNT) 
 
 
Figure 45: A buffer channel system of CNTs walls was created by FLB before the CNTs pillars. 
The purpose of the channels was to limit and smooth the flow of PDMS into the pillars region so 




It is noticed that this spin coating technique favors short-length CNT, with a height of 
approximately 20 – 30 m, as these pillars are less likely to collapse under the high spin 
coating speed. Here we noted that the laser cutting process should be carried out prior to the 
PDMS immersion. Otherwise, the laser trimming of the hybrid system would result in uneven 




Figure 46: (a) Top view of a CNT film completely covered with PDMS. (B) Using the same 
power FLB, a periodic cutting of pillars were made. As observed, the cutting is highly irregular 
and uneven. (C) Using a fast raster of FLB, the PDMS melted and revealed the material 









5.3 SEM Characterization of the CNT-PDMS Microstructures 
 
Here, we employed a JSM-6700F field emission scanning electron microscope (FESEM) to 
obtain images of the as-grown CNT and CNT-PDMS composite pillars. The PDMS-imbibed 
CNT pillars are displayed in Figure 47.  
 
 
Figure 47: (a) Side view of a periodic array of CNT pillars imbibed in PDMS. (b) Top view of 
the array of hybrid pillars. (c) Magnified top view of a single hybrid pillar. (d) An array of 
PDMS-imbibed CNT pillars. 
 
 
The SEM images revealed that PDMS could readily imbibe the gaps between neighboring 
CNT inside a pillar. In Figure 47(a), PDMS was absorbed into the laser trimmed CNT sample 







the PDMS did not fill up the spaces in between the individual pillars but it was found in the 
underlying residue CNT left after laser cutting (see Figure 47(a)). This suggested that PDMS 
could have entered the CNT pillar array by means of capillary forces, initially flowing 
through the bottom residue CNT carpet and then creeping up the individual CNT pillars. In 
Figure 47(b), we observed that the long ranged uniformity of the resulting spin coated array 
was well preserved even with a high spin coating speed. This highly efficient process may 
require CNT of length less than 30 m as taller CNT pillars tend to collapse under the high 
spin speed. Shorter CNT are also desired in interconnect applications as they are more likely 
to undergo ballistic transport, with the longest reported length for ballistic transport regime as 
approximately 25 m (Berger 2002). Figure 47 (a) and (c) confirmed that these CNT pillars 
are completely filled by PDMS. We noted that the PDMS just exactly filled the volume of the 
pillar and the whole new structure looks like a solid gel of CNT with some CNT-ends 
protruding out of the pillar. These loose end CNTs would promote good electrical 
conductivity through the pillar. We will also demonstrate that the new PDMS-CNT hybrid is 
also much stronger and more flexible than the as-grown CNT pillars and the details will be 
described in the mechanical characterization section. From the SEM images, we also 
estimated that the volume of a CNT pillar has shrunk by approximately 20% from its original 
volume, thus offering a possible route to further miniaturization. 
 
5.4 Transfer of CNT pillars to Cu Substrate and its Electrical Characterization 
 
At this point, we noted that the CNT are grown on either Si or SiO2 substrates, which are not 
conducive for electrical or electronic applications especially when the industry is moving 
towards a fully metallic microchip (Graham 2005). To overcome this challenge, some 
researchers have employed growth techniques in which CNT were grown directly onto Cu 
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substrate by using a diffusion barrier between the catalytic layer and the substrate (J. ,. Li 
2003). However, the temperature for CNT growth is often too high for integrating the process 
into the assembly line. An alternative solution would be to perform a post-growth transfer of 
the CNT onto the desired substrate, e.g. by pasting the CNT arrays onto a solder bump (L. ,. 
Zhu 2006). Here, we proposed a method of transferring CNT onto a metallic surface by using 
PDMS as “glue” for interconnection. A schematic of the transfer process is provided in 




Figure 48: (a) The SEM image of some laser pruned CNT microstructures resting on the Cu 
surface. (b) Optical microscope image of the same sample undergoing electrical characterization 
test. The shadow cast is the tungsten tip. (c) Close-up image of a CNT pillar that is transferred. 
The top view is actually the root growth points of the CNT. (d) The large array of transfer is 







Figure 48(a) and (b) shows the same transferred pillars array over to a conducting substrate 
under the SEM and optical microscope respectively. In Figure 48(b), the large pointed 
structure is the sharp tip electrode that is connecting to one of the pillars during a I-V 
measurement. Figure 48(c) shows the top of one of the transferred pillars and it is filled with 
CNTs that were once the base of the pillar. The CNTs at the tip are likely to be broken and 
have the end-caps removed (Y. L. Zhu 2008). 
 
 
Figure 49: A schematic of the probe station used for electrical characterization. 
 
In Figure 49, a schematic of the electrical characterization of transferred as-growth CNT and 
transferred CNT-PDMS composite pillars is shown. The electrical measurements were 
carried out in ambient by using a REL-3200/4100 Probe Station. Samples were placed on a 
motorized x-y stage and under an optical microscope connected to a CCD camera and 

















electrode for the testing. Micro-positioners on the probe station allowed us to pinpoint 
accurately on the individual pillars where the tungsten tip makes contact. (Shown in Figure 
48(b) and Figure 49) The Keithley 6430 SUB-FEMTOAMP REMOTE SourceMeter unit 
acted as the power source and the results were compiled in a computer.  
 
Figure 50: Graph of current against the applied voltage for both the CNT and the CNT-PDMS 
hybrid pillars. 
 
From the graph of current against applied voltage for both CNT and CNT-PDMS hybrid 
pillars (Figure 50), the resistance measured for a typical as-grown CNT pillar was calculated 
to be 2800  300 . The resistance for a typical hybrid pillar however, did not show a linear 
behaviour. The average value for the resistance of the pillar at -5V was 4000  300, and 
then the resistance would increase as the applied voltage decreased. At small applied voltages, 
the resistance was approximately 18000. And finally, the resistance dropped back to 4500
300 at 5V.The result is expected as PDMS, being an electrical insulator would inhibit the 
current flow through the circuit. However, that does not mean that the composite material is 
unsuitable as interconnects as the resistance is still of the same order of magnitude as that of 























the as-grown CNT. Furthermore, we observed an increase in current carrying capacity of the 
composite pillars as the applied voltage increases, thus closing the gap between current 
carrying capacities of the two types of columns. 
 
5.5 Mechanical Characterization using Sensitive AFM cantilevers 
 
A MWCNT pillar and a MWCNT-PDMS composite pillar would present different 
mechanical strengths. Ideas have been presented in the form of Kirchloff‟s rod model (da 
Fonseca 2006) to determine the mechanical properties of nano-sized structures. Here, we 
developed a technique based on the use of AFM cantilevers with different force constants to 
determine the following mechanical properties; the force constant, kp, and Young‟s Modulus, 
E, for both MWCNT pillars and the MWCNT-PDMS composite pillars. Based on Hooke‟s 
Law, this experimental technique is based on observable deflections and measurable applied 
forces.  
 
As a demonstration of our prediction that the PDMS-CNT hybrid pillars are 
structurally more stable than the as-grown CNT samples, we used an electro-chemically 
etched tungsten tip to press down on the individual pillars as shown in the Figure 51 on the 
following page. In Figure 51(a), the CNT pillar was pressed down to half its normal height 
before the tip is removed. This is repeated for three times and the same pillar was examined 
under SEM, which was represented in Figure 51(c).  The pillar was clearly found to be 
permanently deformed by the compressions. In a separate test using the same set of CNT 
pillars but with PDMS embedded in them (shown in Figure 51(b)) indicated that the hybrid 
pillars were indeed much stronger than the as-grown version. Repeated compressions by the 
same tungsten tip on a hybrid pillar for about 50 times to half its normal height did not 
 75 
 
deformed the pillar as it did to the as-grown pillar. SEM images of the compressed pillar 
(middle pillar in Figure 51(c) revealed that there is no visible change in the shape of the pillar 
when compared to its surrounding pillars. This preliminary test result suggested that the 
elastic limit and plastic limit for the hybrid material was far better than the CNTs alone. 
 
Figure 51: (a) and (b) optical microscope images of an electro-chemically etched tungsten tip 
pressing onto the as-grown CNT pillar and CNT-PDMS composite pillar respectively. (c) SEM 









Figure 52: A schematic of the mechanical characterization setup. 
 
Figure 52 shows a schematic set-up of the mechanical characterization test experiment set-up. 
A pillar sample is pasted onto the side of the computer-controlled stage. An AFM cantilever, 
not a tungsten tip as in Figure 51, is mounted onto the arm mechanism of a manual 
micrometer x-y-z stage for manipulation. During a measurement, an optical microscope is 
adjusted to focus on both the cantilever as well as the MWCNT pillars. The cantilever is 
brought into contact laterally with the pillars and further translation resulted deflection in 
both the cantilever and the pillar. Images of the deflections of the cantilever and PDMS-CNT 
hybrid pillars are captured. A low-power side microscope of 4x optical magnification was 
used to visually check that both the cantilever and the locations of the pillars are of the same 
height (z-axis position), thereby minimizing parallax error and confining all deflections in the 
x-y plane. All observations are captured on a CCD camera which was displayed on a 
television, and was subsequently recorded in a laptop for image and video viewing. The 
images of the deflection for both cantilever and the pillar were then printed and 
measurements of all deflections are made. Once the cantilever was aligned with the sample, 
we captured an image prior to deflection based on the application of a force. The tip of the 












CNT pillar and the cantilever showed visible deflections, an image of both the pillar and the 
cantilever was taken. The cantilever used for the measurement of the deflections of the as-
grown pillars samples was the DNP series, which had a force constant of 0.06N/m. The 
reason for using such sensitive cantilever is because the as-grown CNT pillars are structurally 
weak. CNTs may be the strongest material in the nanorealm but when they are bundled by 
weak Van der Waals forces as in the pillar, that structure is in fact, very weak as illustrated in 
Figure 51. The experimental technique is repeated for the measurement of the mechanical 
properties of the PDMS-CNT composite pillars using the OTR8 series of force constant 
0.6N/m. 
 
A set of measurements associated with each MWCNT pillar would consist of an image prior 
to the application of a force (before deflection) and an image during an application of a force, 
as applied from the DNP cantilever to the pillar (during deflection). Figure 53 shows an 
example of how a measurement was obtained. The cantilever deflection was measured as 1 
and the MWCNT pillar deflection is measured as δ1. 10 sets of readings were obtained. Each 
attempt was performed on a different pillar for the measurement of its elasticity constant, k, 
and the Young‟s modulus, E. Taking the average of all 10 readings for kp and E, we obtain an 




Figure 53: (a) shows the image before a measurable force is applied. (b) Showed an image of 
observable deflections of both the cantilever and the pillar. 
 
For the mechanical quantification, an AFM cantilever was used to bend a particular pillar of 
MWCNT or PDMS-MWCNT which would involve both bending as well as shear 
deformations. The total bending observed experimentally, δp, is the sum of the actual bending, 
δB and to shear, δS. Using the cantilever to apply a force, F, on the edge of the pillar, the 









   (1) 
where L is the length of the pillar, EYOUNG is the elastic modulus, fs is the shape factor (equal 
to 1.57 for a rectangular beam), G is the shear modulus, I is the moment of area for the 
rectangular beam, ab
3
/12, and A is the cross-sectional area (Salvetat 1999). 
 
Using the Hooke‟s Law, F=kcσ , we determined that the range of the force applied by the 
cantilever to be 5.5 ± 0.1 μN. By Newton‟s 3rd law, the deflected pillar must experience a 







Based on the 10 experimental values of kp obtained, we calculated the average kp to be 1.2 ± 
0.1 N/m. Similarly, the average values of the Young‟s modulus of the MWCNT pillar were 
obtained using the formula:  
3FL
E               (2)
3  I

                   
 
Where E is the Young‟s modulus of the MWCNT pillar, F is the force applied to the 
MWCNT pillar, L is the measured height of the MWCNT pillar, δ is the deflection of the 
MWCNT pillar and I represents the moment of area of the MWCNT pillar; I = ab
3
/12, where 
a is the length of the square pillar and b is height of pillar. F is previously measured to be 5.5 
± 0.1 μN. L was measured to be 36μm from the SEM image. The value of I was calculated to 
be 2.4 x 10
-11
m
4, and δ was measured to be 4.0μm. Obtaining the 10 experimental values, the 
average value of E for the MWCNT pillar was calculated to be 2.3 ± 0.1 MPa.  
 
The measurement for the mechanical properties of the composite pillar was done 
using the same experimental technique as the MWCNT pillar as shown in Figure 54, but we 
used an OTR8 series cantilever. We determined that the averaged values of the stiff constant, 
kp, of the composite pillar to be 3.3 ± 0.1 N/m and the Young‟s modulus of the composite 




Figure 54: (a) An image before a measurable force is applied. (b) An image of observable 
deflections of both the cantilever and the pillar. 
 
 
Based on the experimental value, the addition of PDMS to the MWCNT pillar increased its 
value of the Young‟s Modulus from 2.3 ± 0.1 MPa to 3.6 ± 0.1 MPa. The addition of PDMS, 
and allowing the PDMS to seep among the individual nanotubes, would result in an increase 
in the structural integrity, reducing shearing effects. Similarly, the hardening of the PDMS 




Our studies have shown that although there is a minor reduction in current carrying 
capacity of CNT after imbibing in PDMS. Observations through optical microcopy showed 
that under compression, CNT-PDMS composite pillars restored back to the original shape 
much quicker than as-grown pillars. They are also less likely to deform under stress, 







pillars were destabilized after the load was released. This improvement in structural integrity 
is very much desired in micro-engineering applications.   
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Chapter 6:   Conclusion and Future Works 
 
6.1 Review of findings 
Scanning Localized Arc Discharge Lithography (SLADL) 
A systematic study of the Scanning Localized Arc Discharge Lithography (SLADL) has been 
conducted. We note that the optimum voltage for SLADL lies between 25 to 35V, which 
would create the best well-defined paths. Also, by suitable computer programming, we can 
fabricate large scale patterns or distinct 2D or 3D structures. SEM studies have revealed that 
there are morphological changes at the sites of SLADL depending on the applied bias. During 
the SEM studies, we also managed to work out how the distribution of MWNT thickness with 
respect to various applied biases. Raman studies have shown that the disorderliness of the 
MWNT has decreased after the SLADL. HRTEM studies have shown that there are changes 
to the surface structure of the MWNTs such as a breakdown of outer walls, removal of end-
caps or the deposition of amorphous carbon on the CNTs. Possible mechanisms of the 
changes to surface structures of MWNTs and to the flashes observed during high bias 
trimming are proposed.  
 
 Versatile transfer of CNT onto various substrate by PDMS 
Our studies have shown that PDMS is a good adhesive that can effectively adhere CNTs onto 
many types of substrates. The substrates can be plastic in nature and if electrical conductivity 
is desired, it can be realized by simple coating of the substrate with a thin metallic layer. 
Raman investigations indicate that the disorderliness after the transfer has decreased which 
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suggests that the bottom layer of the CNT growth contains fewer defects than the upper 
layers during the PECVD process.  
 
Electrical and Mechanical Characterization of CNT and CNT-PDMS hybrid pillars 
The intention of carrying out this project is to find out whether CNT can eventually replace 
copper as interconnects in current integrated circuit boards. The problem of failure due to 
electromigration is common in small diameter metallic nanowires but almost absent in CNTs. 
However, the electrical resistance of a MWNT is quite high (12.9 k even when undergoing 
ballistic transport). Hence, we bundled the MWNTs together in the hope that the parallel 
circuit configuration would lead to a decrease in resistance. To enhance the structural 
integrity of such a bundle (pillar), we imbibed the pillar in PDMS. The resulting pillars show 
extreme flexibility and elasticity, bending at large angles without damage and can restore 
itself once an external force is removed. The electrical properties are a little disappointing 
though not unexpected. Experimental results often deviate from the theoretical models. 
Furthermore, it is a known fact that MWNTs grown via a CVD process tend to have more 
defects in the structure which can seriously impede electron flow. The high resistance could 
also come about due to the end-caps of the MWNT and the greater contact resistance due to 
the presence of PDMS (an insulator).  
 
6.2  Future Works 
 
1. Attempt to grow large scale CNT using other precursors in CVD or PECVD. The 
current recipe uses acetylene as the precursor. While C2H2 is a very efficient 
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precursor, it is unstable at high temperatures and would decompose before reaching 
the catalyst surface. As a result, large amounts of carbonaceous compounds other 
than nanotubes are deposited. This would in turn, lead to high resistance as these 
compounds can act as scattering centres for electron flow. It is also noted that the 
diameter distribution of MWNTs increases with increasing temperature. The lower 
the temperature, the smaller the diameter distribution. The goal here is to produce 
CNTs with as low temperature as possible so that we have a specific diameter that 
utilizes minimum energy cost. 
2. Research on ways to remove the iron catalyst after the growth process. Current 
literature suggests using acid but the authors noted that the acid would damage the 
surfaces of the nanotubes. We would like to test the properties of just the MWNTs 
without its iron catalyst. 
3. Attempt to improve the electrical conductivity of the hybrid pillars by removing the 
end-caps using oxygen plasma. Other ways of improving electrical conductivity 
would be to grow CNTs directly from a metallic substrate with would require low 
temperature growth (point1).  
4. Investigate other possible polymers or substances that can bind well with CNTs. The 
CNT-PDMS hybrid has shown enormous elasticity. Maybe we can find other 
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